In Brief Schmid et al. show that rapid nuclear depletion of the nuclear polyA-binding protein Nab2p in budding yeast leads to a global loss of mRNA. Their results uncover a general role for Nab2p in the protection of mRNA before their export to the cytoplasm.
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INTRODUCTION
Poly(A) tails are hallmarks of most eukaryotic mRNA and important for multiple aspects of mRNA metabolism, including its processing, export, translation, and decay. Poly(A) tail function is mediated by dedicated poly(A)-binding proteins (PABPs) . Notwithstanding the conservation of PABPs and their reported multiple cellular interaction partners (Goss and Kleiman, 2013; Lemay et al., 2010b) , our understanding of PABP function throughout the lifetime of eukaryotic mRNA is still incomplete.
S. cerevisiae harbors two essential PABPs, Pab1p and Nab2p, which are unrelated in sequence but individually homologous to the human RRM-domain containing PABPC and Zn finger containing ZC3H14 proteins, respectively. At steady state, Pab1p is predominately localized in the cytoplasm, whereas Nab2p is mostly nuclear. However, both proteins shuttle between these cellular compartments, which appear to form the basis for some functional overlap (Green et al., 2002; Brune et al., 2005) . Nab2p binds poly(A) RNA with high affinity via its seven C-terminal Zn fingers, and given its nuclear localization, the protein presumably binds mRNA poly(A) tails during their synthesis, hereby restricting the polyadenylation reaction to add 70-90 adenosines (Brockmann et al., 2012; Green et al., 2002; Kelly et al., 2010) . After polyadenylation, tail-bound Nab2p is exported with the mRNA to the cytoplasm, where it is exchanged for Pab1p and reimported to the nucleus by the importin Kap104p (Aitchison et al., 1996; Tran et al., 2007) . Nab2p has been suggested to aid the nuclear export of mRNA by interacting with export factors Yra1p and Mex67p as well as the nuclear pore-associated proteins Gfd1p and Mlp1p (Fasken et al., 2008; Iglesias et al., 2010) . Pab1p functionally overlaps with Nab2p in the nucleus despite its steady-state cytoplasmic localization. That is, each of the two PABPs is sufficient to establish a correct poly(A) tail length in vitro and mutants of either protein trigger global hyperadenylation in vivo (Brune et al., 2005; Sachs and Davis, 1989; Viphakone et al., 2008) . Moreover, Pab1p has also been suggested to facilitate mRNA export (Brune et al., 2005) . Finally, Pab1p and Nab2p can cooccupy the same poly(A) tails in vitro and bind similar substrates in vivo (Baejen et al., 2014; .
In eukaryotic nuclei, levels and processing status of RNA are controlled by the RNA exosome, a 3 0 -5 0 exo-and endo-nucleolytic complex harboring the active ribonucleases Rrp44p/Dis3p and Rrp6p (Chlebowski et al., 2013) . In S. cerevisiae, Rrp6p is nuclear restricted and cells lacking the protein are temperature sensitive (Briggs et al., 1998) . Rrp44p is essential and active in the context of both nuclear and cytoplasmic exosomes (Chlebowski et al., 2013) . We recently showed that binding of Nab2p to poly(A) RNA is strongly increased in the absence of Rrp6p both in vitro and in vivo . Moreover, long-term depletion of Nab2p resulted in the accumulation of pre-mRNA, suggesting that Nab2p and the nuclear exosome jointly regulate S. cerevisiae pre-mRNA levels. A similar function in facilitating nuclear decay by the RNA exosome was assigned in S. pombe and humans to the nuclear RRM-type PABPs, termed Pab2p and PABPN1, respectively (Beaulieu et al., 2012; Lemay et al., 2010a; Lemieux et al., 2011; St-André et al., 2010) . In an interesting contrast, S. pombe Nab2p was shown to counteract Pab2p-mediated decay of the rpl30-2 pre-mRNA in vivo (Grenier St-Sauveur et al., 2013) , but the generality of this phenomenon was not investigated.
Nuclear mRNP biogenesis and export processes in S. cerevisiae are usually completed within a few minutes (Oeffinger and Zenklusen, 2012) . Because most experimental protocols rely on hour-long factor inactivation, distinguishing direct from indirect effects is challenging. Moreover, cells possess feedback mechanisms that compensate for global changes in mRNA production, which further complicates the interpretation of experiments involving long-term depletion of mRNA biogenesis factors (Haimovich et al., 2013; Sun et al., 2013) . The recently developed anchor-away (AA) system circumvents these challenges by allowing for the rapid rapamycin-induced depletion of nuclear proteins by efficiently anchoring them in the cytoplasm .
Here, we apply the AA system to measure immediate phenotypic changes caused by the nuclear depletion of Nab2p. This reveals an unexpected global and exosome-dependent disappearance of mRNA. Our data establish Nab2p as a crucial biogenesis factor protecting early adenylated mRNA against untimely decay.
RESULTS
Rapid Nuclear Depletion of Nab2p Leads to
Disappearance of PolyA RNA To study effects instigated by rapid functional inactivation of Nab2p, we created a yeast strain allowing for its AA-depletion (Nab2-AA) by the tagging of Nab2p with an FRB tag in a strain background expressing FKBP-tagged RPL13A. Addition of rapamycin to the growth media causes a highly stable interaction between the FRB and FKBP tags, providing the cytoplasmic tethering of Nab2p. To avoid rapamycin-induced side effects, the test strain also harbored the rapamycin-resistant tor1-1 mutation . Gratifyingly, addition of rapamycin to the Nab2-AA strain triggered the complete re-localization of Nab2p from the nucleus to the cytoplasm within 5 min (Figure S1A) . Consistent with an essential nuclear role of Nab2p, its cytoplasmic anchoring also resulted in cell growth inhibition, which was rescued by expression of rapamycin-insensitive Nab2p ( Figure S1B ). Thus, lethality is due to nuclear depletion of Nab2p rather than to a toxic effect of force tethering the protein in the cytoplasm.
We took advantage of the Nab2-AA system to interrogate the effect of rapid Nab2p depletion on various endogenous transcripts. Surprisingly, levels of all analyzed mRNAs decreased significantly within 10-15 min of rapamycin treatment, which was not seen in the isogenic control strain (''ctrl''), expressing untagged Nab2p ( Figure 1A , left). In contrast, levels of the short non-coding RNAs (ncRNAs) U4, U6, SCR1, CUT241, and CUT481 were unchanged ( Figure 1A , right), as was the total amount of RNA recovered (data not shown). A particularly affected RNA was the polyadenylated precursor of the RNA component of telomerase TLC1 (TLC1-pA; Coy et al., 2013) , the levels of which dropped to $50% within 5 min of rapamycin addition ( Figure 1A , orange line in left). TLC1-pA is polyadenylated by the canonical mRNA polyadenylation machinery (Noë l et al., 2012), whereas cryptic unstable transcripts (CUTs) and small nuclear and nucleolar RNAs (SNRs) are unadenylated or oligoadenylated by the TRAMP complex. Hence, the negative effect of nuclear Nab2p depletion appears to be specific for polyadenylated RNAs.
To pursue this notion and to obtain a comprehensive picture of Nab2-AA targets, we examined the global effect of rapid Nab2p depletion by RNA-seq as outlined in Figure S1C . Total RNA was harvested from untreated Nab2-AA cells or from cells treated with rapamycin for 15 or 30 min. The control strain treated with rapamycin for 30 min was processed in parallel. For normalization purposes, all samples were spiked with total S. pombe RNA. In the normalized data sets, the relative amount of reads stemming from mRNA decreased after Nab2p depletion, whereas reads from CUTs and SNRs were increased or unaffected, respectively ( Figure S1D) . A global decline of mRNA levels was also apparent when examining log 2 -fold expression changes of individual transcripts relative to the untreated control (Figures 1B, S1E, and S1F): 2,070 of 5,171 analyzed mRNAs were significantly downregulated at the 15-or 30-min time points, whereas only 37 were upregulated ( Figure S1E ). In contrast, only two CUTs and none of the SNRs were significantly differentially expressed and the two CUTs with a significant change were upregulated (Figures 1B, red dots, and S1E). We also examined the distribution of reads among transcript classes in the rapamycin-treated control strain and found that this sample was very similar to the untreated Nab2-AA strain (Figures S1D and S1F). Taken together, these observations corroborate that the nuclear absence of Nab2p triggers a global mRNA decline, which is not due to normalization artifacts or unspecific effects of rapamycin treatment.
Although nuclear Nab2p depletion generally affected mRNAs, the extent of downregulation varied for individual transcripts. We therefore wondered whether mRNA synthesis might cease upon nuclear Nab2p depletion. If so, the relative decline of individual mRNAs, as analyzed by RNA-seq, should reflect their decrease upon transcription inhibition. Several laboratories have estimated mRNA half-lives transcriptome-wide after RNA polymerase II (RNAPII) inhibition (Geisberg et al., 2014; Grigull et al., 2004; Holstege et al., 1998; Wang et al., 2002) . Indeed, a significant correlation between the level of downregulation after Nab2p depletion and mRNA half-lives was detectable, whereas expression changes in the rapamycin-treated control strains did not correlate with half-lives, excluding the possibility of an unspecific effect of rapamycin treatment ( Figure 1C ). Thus, mRNAs with short half-lives generally exhibited a more-robust drop after Nab2p depletion than those with longer half-lives. This is consistent with the possibility that new mRNA synthesis is prevented by Nab2p depletion so that pre-existing cytoplasmic mRNAs decay following their intrinsic turnover rates. Half-life measurements based on transcription inhibition tend to deviate from those based on metabolic labeling techniques, which is likely due to compensatory changes in mRNA metabolism when transcription ceases (see, for example, Haimovich et al., 2013; Neymotin et al., 2014; Sun et al., 2012) . Our Nab2-AA data correlated best with half-life measurements based on transcription inhibition (data not shown), which further supports the idea that acute nuclear Nab2p depletion phenocopies a transcriptional shut down. (A) Levels of indicated endogenous transcripts as measured by qRT-PCR on total RNA from Nab2-AA (left) or control (right) strains, untreated (''0'') or treated with rapamycin for 5, 10, 20, or 30 min. Transcript levels were normalized to the unaffected U4 RNA (see Figure S2 ) and displayed relative to untreated cells. Listed mRNAs and TLC1-pA, the polyadenylated precursor of TLC1 RNA, are shown on the left. Short ncRNAs SCR1, U6, CUT241, and CUT481 are shown on the right. Error bars are SDs from three biological replicates. (B) RNA-seq-based expression changes in the Nab2-AA strain after 15 min (top) or 30 min (bottom) of rapamycin treatment relative to the untreated strain. Y axes display the log 2 -fold change of individual transcript levels whereas x axes display the log 10 -transformed number of reads per transcript after normalization to S. pombe spike-ins. Data were computed by the DESeq2 software (Love et al., 2014) . All individual transcripts are shown in gray, and specific classes mRNA, CUT, and SNR (snRNA and snoRNA) are highlighted in blue in the different panels. Significantly called transcripts (p adj = FDR < 0.1) for each individual transcript class are colored red.
(legend continued on next page)
Low mRNA Levels Recover after Prolonged Nab2p Nuclear Depletion The observed loss of mRNA using the Nab2-AA technology is markedly different from published data using long-term Nab2p depletion (Apponi et al., 2007; Gonzá lez-Aguilera et al., 2011; . To try and rationalize this apparent discrepancy, we treated the Nab2-AA strain with rapamycin for up to 4 hr. Remarkably, after their initial drop, levels of the tested PMA1, RPL36A, and RPL21B transcripts all partially recovered at longer time points (Figures 2A and S2 ). This recovery was not due to decreased AA efficiency, as no detectable re-localization of Nab2p to the nucleus could be observed (data not shown). Moreover, levels of TLC1-pA RNA kept falling over the conducted time course (Figure 2A ). Consistent with this result, TLC1-pA was also strongly downregulated after long-term depletion em-(C) Correlation matrix between mRNA half-lives and expression changes in Nab2-AA RNA-seq data. mRNA half-lives are from the indicated studies employing transcriptional inhibition using the rpb1-1 mutant (Geisberg et al., 2014; Grigull et al., 2004; Holstege et al., 1998; Wang et al., 2002) . These were correlated to log 2 -fold changes in mRNA levels after Nab2-AA nuclear depletion (Nab2-AA 15'/0' and 30'/0'). Absence of correlations of half-lives with expression changes between rapamycin-treated control and untreated Nab2-AA cells (ctrl 30'/Nab2-AA 0') are shown as negative control. Depicted and color-coded are the Spearman rank correlation coefficients (rho). See also Figure S1 . . See also Figure S2 .
ploying the nab2-21 mutant ( Figure 2B ) or a 7-hr or 12-hr transcriptional shutoff of NAB2 transcription ( Figure 2C ). Here, PMA1 and RPL36A RNAs were less, or not, reduced, and it is therefore likely that long-term depletion studies only reveal the subset of transcripts whose levels are not properly restored within the time frame of the experiment. We also noticed from the RNA-seq data that 15 min of Nab2p nuclear depletion on average had a stronger effect on mRNA levels than the 30-min time point (Figures S1E and S1F). Hence, many mRNAs may start to recover already after 15 min of Nab2p depletion. What distinguishes transcripts that recover from those that do not is currently unclear. However, we note that TLC1-pA, as part of TLC1 RNA biogenesis, is 3 0 trimmed by the nuclear RNA exosome, which is actively recruited by its Nrd1p/Nab3p/Sen1p (NNS) co-factor (Coy et al., 2013; Noë l et al., 2012) . Perhaps sustained NNS-exosome activity on TLC1 RNA prohibits its recovery. More generally, we conclude that a critical function of Nab2p in mRNA biogenesis during normal growth is only revealed upon its rapid nuclear depletion made possible by the AA system. Lack of recovery of a subset of essential transcripts may therefore underlie the lethal phenotype of nuclear Nab2p depletion. (A) qRT-PCR (right) analyses of HSP104 and SSA4 RNA levels after a 10-min heat shock in untreated control and Nab2-AA cells as well as in Nab2-AA cells treated with rapamycin 20 min before the heat shock (as schematized on the left). RNA levels were normalized to U4 and shown relative to Nab2-AA ''ÀR''. Error bars depict SDs calculated from three biological replicates.
(B) Northern blotting analyses of samples from (A). To achieve high resolution of HSP104 RNA 3 0 ends, total RNA was treated with RNaseH and an oligonucleotide cleaving HSP104 RNA before conducting northern blotting analysis with a radiolabeled probe targeting the HSP104 3 0 end (Kallehauge et al., 2012) . Moreover, a dT 20 oligonucleotide was added (lanes 2, 4, and 6; ''+'') to trim poly(A) tails by RNaseH. SCR1 served as a loading control. (C) Rpb3p ChIP analysis of 5 0 , middle, and 3 0 regions of HSP104 (left) and SSA4 (right) loci using the experimental regime of (A). ChIP levels were normalized to input and Nab2-AA untreated control. Error bars are as in (A).
mRNA Disappearance Is Due to Enhanced Nuclear Decay To recapitulate the drastic effect of nuclear depletion of Nab2p by reporter assays, we employed the heat-shock (hs)-inducible model genes HSP104 and SSA4. As expected, the amount of mRNA produced from these genes during a 10 min pulse at 38 C was markedly decreased in Nab2-AA cells treated with rapamycin 20 min prior to transcription induction ( Figure 3A , right). Furthermore, the small amount of HSP104 RNA produced in Nab2-AA-depleted cells contained poly(A) tails that were on average longer than those of HSP104 RNA from control cells ( Figure 3B , compare lanes 1 and 3 to lane 5). This is consistent with previous reports that Nab2p inactivation causes mRNA hyperadenylation .
The dependency of hs gene expression on the nuclear presence of Nab2p allowed us to study the mechanism underlying rapid mRNA decrease in detail. First, using the experimental regime of Figure 3A (left), we measured RNAPII occupancy by chromatin immunoprecipitation (ChIP) to estimate HSP104 and SSA4 transcription activity. RNAPII occupancy along both genes was unaffected by Nab2p depletion, strongly suggesting that the mRNA disappearance phenotype is manifested post-transcriptionally ( Figure 3C ). We also carried out single-moleculeresolution RNA-FISH of HSP104 under similar conditions. This demonstrated that nascent RNA levels at HSP104 transcription sites were unaffected by rapamycin treatment, whereas cytoplasmic levels of HSP104 RNA were markedly reduced ( Figures  3D and S3A ). Moreover, no significant nuclear HSP104 RNA signal could be observed, except at the transcription sites (Figure S3A ). Given the unaffected transcription rates ( Figure 3C ), we conclude that, under Nab2p nuclear depletion conditions, hs-RNAs are indeed produced but must be rapidly degraded, either in the nucleus or the cytoplasm. This conclusion extends to non-hs RNAs as 4-thiouracil (4tU) metabolic labeling of newly synthesized TLC1-pA, PMA1, PGK1, and RPL36A RNA was strongly decreased in Nab2p-depleted cells, whereas labeling of the U4 snRNA and 25S rRNA controls was unaffected (Figure S3B ). In addition, RNAPII ChIP on select gene 3 0 ends confirmed that decreased poly(A) RNA production in Nab2p-depleted cells was not due to decreased transcription levels ( Figure S3C) .
All of the above data suggest that mRNA disappearance in Nab2p-depleted cells is due to enhanced decay. To distinguish where such turnover may take place, we monitored hs-RNA levels pulsed by a 10-min hs and chased by shifting cells back to the transcription-repressive temperature of 25 C. Using this experimental setup, HSP104 RNA is produced in unperturbed cells and predominantly localizes in the cytoplasm (Kallehauge et al., 2012) . Adding rapamycin concomitant with the 25 C temperature shift ( Figure 3E , top) allowed us to interrogate the effect of Nab2p depletion on HSP104 and SSA4 RNA turnover in the cytoplasm. Whereas Nab2p depletion was effective, as demonstrated by decreased TLC1-pA RNA levels during the chase period ( Figure 3E, bottom) , the assay did not reveal a significant rapamycin-induced change of HSP104 or SSA4 RNA turnover ( Figure 3E , middle) or deadenylation ( Figure S3D ). Thus, cytoplasmic mRNA decay is not altered by Nab2p depletion. This finding is consistent with the predominantly nuclear localization of Nab2p and further discounts the possibility that Nab2-AA effects are due to the artificial accumulation of Nab2p in the cytoplasm.
The Nab2-AA Phenotype Depends on Polyadenylation Given the unaffected transcription and cytoplasmic decay rates, we investigated whether Nab2p depletion would trigger nuclear decay during or immediately after mRNA 3 0 end processing. To this end, we measured the accumulation profiles of HSP104 and SSA4 RNA 5 0 and 3 0 ends at intervals over a 5 min hs period in the presence or absence of nuclear Nab2p ( Figure 4A , left). During the first 2 min of induction, a strong bias toward 5 0 ends over 3 0 ends could be detected, consistent with predominantly nascent transcript being measured before RNAPII had reached the 3 0 ends of genes ( Figure 4A , compare inserts in the top [5 0 ends] and bottom [3 0 ends]). In this early phase, RNA levels were not affected by Nab2p depletion. However, around the 3-min time point, transcript accumulation significantly declined in Nab2p-depleted versus non-depleted cells. Given the 2.7-kb-and 1.9-kb-long HSP104 and SSA4 genes and recent estimates of in vivo RNAPII elongation rates of 25 nt per s in yeast cells (Hocine et al., 2013) , it would predictably take 1 to 2 min for RNAPII to transcribe the two genes. Consistently, mRNA 3 0 ends accumulated only after around 1.5 min ( Figure 4A , bottom). Taken together, this implies that the effect of nuclear Nab2p depletion is only manifested after the first wave of transcription reaches gene 3 0 ends, which infers that the observed phenotype is established during, or immediately after, mRNA 3 0 end processing.
Because Nab2p is a PABP, we next tested whether its depletion would specifically affect RNAs expressed from genes dependent on poly(A) site terminators. For this, we employed a plasmid-borne reporter system containing the GFP gene under control of a galactose-inducible promoter and linked to either the canonical poly(A) site of the endogenous GAL1 gene (GFPpA) or a self-cleaving hammerhead ribozyme (GFP-RZ). These plasmids were introduced into Nab2-AA cells, and GFP RNA expression was assayed after a 10-min transcription pulse in the presence or absence of rapamycin. Whereas levels of the GFP-pA reporter, as well as the GAL10 and TLC1-pA endogenous controls, were strongly dependent on nuclear Nab2p, the GFP-RZ RNA was equally expressed in the absence and (D) HSP104 RNA-FISH using Cy3-labeled oligonucleotide probes on fixed samples from the above experimental regime (A). Top display CY3 and DAPI channels of representative cells. Bottom show quantification of FISH signals derived from transcription sites (marked by arrowheads) and from the cytoplasm of cells. p values were derived from an unpaired two-tailed Student's t test comparing ''+R'' to the two controls (grouped together). The scale bar represents 5 mm. (E) Pulse-chase analysis of the Nab2-AA strain as schematized (top). At the end of a 10-min heat shock, pre-cooled medium, without (ÀR) or with rapamycin (+R), was added and cells were harvested before and after subsequent growth at 25 C for 10, 20, or 30 min. Total RNA was subjected to qRT-PCR analysis. Expression values for HSP104 and SSA4 RNAs were normalized to U4 and shown relative to Nab2-AA ÀR (middle). Levels of TLC1-pA were shown as ratio between +R relative to ÀR (bottom). Error bars are as in (A). See also Figure S3 . qRT-PCR analysis of expression of plasmid-borne pGAL-driven GFP reporter constructs containing either a poly(A) site terminator (GFP-pA) or a ribozyme (GFP-RZ). Expression was induced by the addition of galactose for 10 min to untreated or 20-min rapamycin-treated Nab2-AA cells. qRT-PCR levels of GFP reporter and endogenous GAL10 and TLC1-pA transcripts were depicted as in Figure 3A . Error bars are as in (A).
(C) qRT-PCR analysis of PMA1 and TLC1-pA RNAs from Nab2-AA cells transformed with empty plasmid (p-), plasmid expressing wild-type full-length NAB2 (pNAB2) or a nab2 mutant lacking three Zn fingers (pnab2-DZnF5-7). Data are plotted as in (B). Endogenous Nab2-AA was nuclear depleted by a 30-min rapamycin treatment. Error bars are as in (A). See also Figure S4 .
presence of rapamycin ( Figure 4B ). Thus, Nab2p function requires polyadenylation, likely due to its binding to the RNA poly(A) tail. If so, Nab2p activity should also depend on the seven Zn-finger motifs in its C terminus, which facilitates poly(A) RNA binding (Kelly et al., 2010) . Consistent with this notion, the rapamycin-induced growth defect of Nab2-AA cells could not be rescued by the expression of a Nab2p deletion mutant lacking part of the Zn-finger domain ( Figure S4 ). Introduction of this mutant did also not rescue PMA1 or TLC1-pA RNA levels (Figure 4C) , whereas both growth and RNA levels were rescued by introduction of the WT NAB2 gene (Figures 4C and S4 ).
Nab2p Protects RNA against Decay by the RNA Exosome In Vivo and In Vitro Obtained data are consistent with a nuclear role of Nab2p in protecting early polyadenylated RNA against decay. The most prominent nuclear 3 0 -5 0 exoribonuclease in S. cerevisiae is the RNA exosome complex, comprising two active exonuclease subunits, Rrp6p and Dis3p (Chlebowski et al., 2013) . We therefore assayed the effect of deleting Rrp6p on rapamycindependent phenotypes of the Nab2-AA strain. Consistent with previous data that rrp6D/nab2D cells are viable (Gonzá lez-Aguilera et al., 2011), introduction of Drrp6 into the Nab2-AA strain restored viability of Nab2-AA cells on rapamycin-containing media ( Figure S5A ). Cells were still strongly growth compromised, yet the same number of colonies formed over time. Also, the rescue was not due to a defect in the cytoplasmic anchoring of Nab2p in rrp6D cells ( Figure S5B ). We then analyzed mRNA levels in rrp6D/Nab2-AA cells in the presence and absence of rapamycin. Critically, the negative effect of nuclear Nab2p depletion on hs-RNAs HSP104 and SSA4 after a 10-min hs was clearly dampened in the rrp6D context ( Figure 5A) . Similarly, the decrease of TLC1-pA, RPL36A, and PMA1 transcripts after rapamycin addition in Nab2-AA cells grown at 30 C was less pronounced in the rrp6D context ( Figure 5B ). To fully inactivate the nuclear exosome, we also analyzed the effect of depleting Dis3p in rrp6D/Nab2-AA cells by using a tetOFF promoter. Growth of this strain in doxycycline-containing medium (''+DOX'') completely rescued the decline of non-inducible (Figure 5C ) and heat-inducible ( Figure 5D ) transcripts. Depletion of Dis3p alone in Rrp6p-containing Nab2-AA cells resulted only in a partial rescue of the Nab2-AA phenotype (data not shown), indicating the Rrp6p and Dis3p act redundantly in removing poly(A) RNA in this context. Decay by the nuclear RNA exosome can be facilitated through substrate oligoadenylation by its cofactor TRAMP. However, deletion of the TRAMP-containing oligo(A)-adenylase Trf4p did not rescue cell viability ( Figure S5C ) or mRNA levels ( Figures S5D and S5E ) of rapamycin-treated Nab2-AA cells. Hence, TRAMP is dispensable for the mRNA decline after Nab2p depletion, indicating that poly(A) tails produced by the canonical polyadenylation machinery fall prey to the RNA exosome if not protected by Nab2p.
To obtain further evidence for this model, we conducted an in vitro experiment to directly assay whether Nab2p can protect A-tailed RNAs against exosomal decay. Synthetic short RNAs without (CYC1s) or with (CYC1s-A 20 ) an A tail were radioactively labeled at their 5 0 ends and incubated with recombinant fulllength Nab2p ( Figure S5F ). Expectedly, Nab2p bound the A-tailed RNA more efficiently than the tail-less RNA ( Figure S5G ). Importantly, when challenging these samples with RNA exosome purified from an Rrp6-TAP strain ( Figure S5H ), unbound RNAs were efficiently degraded whereas the Nab2p-bound substrate remained intact ( Figure 5E ; compare lanes 5-7 to 8-10). Such Nab2p protection was equally efficient when challenged by RNA exosome purified using a core component as the bait (Figures S5H and S5I) . Hence, Nab2p can directly protect RNAs against exonucleolytic decay by the RNA exosome in a poly(A)-tail-dependent manner.
DISCUSSION
Poly(A) tails are critical determinants of mRNA function in PABPdependent processes. In the nucleus, PABPs stimulate the polyadenylation reaction and control poly(A) tail length (Goss and Kleiman, 2013) . Moreover, Pab1p and Nab2p both interact with nuclear export factors, possibly explaining the positive impact of polyadenylation on mRNA transport (Brune et al., 2005; Fasken et al., 2008; Marfatia et al., 2003) . In the cytoplasm, Pab1p (Pab1p in S. pombe and PABPC in mammals) stimulates mRNA translation initiation through its interaction with cap-binding proteins (Goss and Kleiman, 2013) . Finally, a role of PABPs in promoting RNA turnover appears to be connected to their interaction with decay factors (Beaulieu et al., 2012; Brown and Sachs, 1998; Lemay et al., 2010a; Lemieux et al., 2011; St-André et al., 2010 ). Yet evidence also exists that PABP-bound poly(A) tails can protect mRNAs toward 3 0 -5 0 exonucleases, e.g., Pab1p and Nab2p inhibit deadenylation by the Ccr4p/NOT (Tucker et al., 2002; Yao et al., 2007) and PAN complexes , respectively. Thus, the specific functional consequence of PABP binding critically depends on the type of PABP bound as well as on the temporal and spatial context of the interaction.
In this paper, we show that rapid nuclear depletion of Nab2p leads to decay of newly synthesized poly(A) RNA by the nuclear exosome. As Nab2p is the only primarily nuclear PABP in budding yeast, we suggest the observed phenotype reflects nucleolytic attack of uncovered tails. The alternative, that other exosome-recruiting proteins overtake poly(A) binding in this situation, is unlikely, because the prime candidate, Pab1p, rather acts redundantly with Nab2p (see below). Exosomal decay in the absence of Nab2p depends on canonical polyadenylation signals, and hence the canonical poly(A) polymerase Pap1p, but is distinctly independent of the TRAMP complex. We propose that Nab2p is required for protection of poly(A) tails either during, or shortly after, nuclear polyadenylation where competition with the nuclear exosome has been suggested to occur (Milligan et al., 2005; Saguez et al., 2008; Schmid and Jensen, 2013) . Thus, the specific turnover mechanism that Nab2p counteracts contrasts the well-characterized TRAMP-dependent decay of S. cerevisiae CUTs (Wyers et al., 2005) . Instead, it appears similar to the decay of nuclear exosome substrates in S. pombe and human cells, which often also depend on the canonical polyadenylation machinery (Beaulieu et al., 2012; Lemay et al., 2010a; Lemieux et al., 2011) . This suggests that opposing roles of PABPs in producing stable mRNA, or eliciting its decay, is common for eukaryotic cells. A) qRT-PCR analysis of HSP104 and SSA4 RNA levels after a 10-min heat shock in untreated or 20-min rapamycin-treated ctrl, Nab2-AA, and rrp6D/Nab2-AA cells. Data are processed and depicted as in Figure 3A. (B) qRT-PCR analysis of PMA1, RPL36A, and TLC1-pA RNA levels of Nab2-AA and rrp6D/Nab2-AA cells untreated or 30-min rapamycin treated and grown at 30 C. Data are depicted as in (A). Error bars were calculated from three biological repeats. Nab2p's protection of early mRNA seems at first sight inconsistent with the previously suggested role of Nab2p in recruiting the nuclear exosome for pre-mRNA turnover . However, the latter pathway acts on the mature poly(A) tails of export-defective transcripts. We therefore suggest that nuclear poly(A) RNAs are affected by Nab2p in two different ways. First, Nab2p binding during or shortly after polyadenylation is required to fend off the exosome during this early and vulnerable stage of biogenesis ( Figure 6 ). Subsequent interaction of Nab2p with mRNA export factors facilitates transport of the mRNP to the cytoplasm. Second, in cases where mRNA export fails, or is slowed as exemplified by pre-mRNAs, Nab2p binding attracts TRAMP and the exosome as part of nuclear quality control.
Our findings suggest that Nab2p is the central nuclear PABP in S. cerevisiae. However, although Pab1p localizes primarily to the cytoplasm, it shuttles through the nucleus and can act redundantly with Nab2p (Brune et al., 2005; . We speculate that, in our experimental conditions, nuclear levels of Pab1p are limiting and insufficient to protect the total transcriptional output of nascent mRNA. Consistent with this possibility, overexpression or force targeting of Pab1p to the nucleus rescues the viability of nab2D and Nab2-AA cells ; data not shown). Our observation that levels of many mRNAs recover after their initial decrease due to Nab2p depletion suggests that compensatory mechanisms can, at least partially, substitute for Nab2p function. This could well involve increased expression or targeting of Pab1p to the nucleus.
Recent reports suggest that S. cerevisiae cells control their total mRNA amounts by globally coupling mRNA transcription and decay rates so that, e.g., altered transcription can be buffered by compensatory changes in decay and vice versa (Haimovich et al., 2013; Sun et al., 2013) . Given the Nab2p activity exposed in this study, we speculate that the nuclear concentration of this protein may be a central determinant in such coupling. An important future task will therefore be to establish whether the inherent instability of early transcripts is exploited to regulate mRNA production rates. Moreover, to which extent may this occur also in other organisms? Nab2p is conserved in higher eukaryotes, and S. pombe Nab2p was recently shown to counteract exosomal decay of the rpl30-2 pre-mRNA in vivo (Grenier St-Sauveur et al., 2013) . Whether this effect extends globally and how it relates to compensatory phenomena remains to be determined. S. pombe Nab2p is not essential and thus likely redundant with other nuclear PABPs, like the PABPN1 homolog Pab2p. Mammalian cells encode multiple PABPs, and dissecting any functions in early mRNA metabolism may require co-depletion of factors. Moreover, given our finding that long-term depletion regimes are only inadequately revealing global effects, rapid factor depletion(s) may need to be implemented to uncover any such functions.
EXPERIMENTAL PROCEDURES
Yeast strains used in this study are listed in Table S1 and oligonucleotides in Table S2 . Details are provided as Supplemental Information.
Yeast Culture and AA Experiments
Yeast cells were cultivated at 30 C in YPAD medium or in SC medium for plasmid-containing cells. For AA experiments, rapamycin was added to the medium of exponentially growing cells at 1 mg/ml final concentration from a stock solution containing 0.25 mg/ml rapamycin in 10% DMSO. The same rapamycin concentration (1 mg/ml) was used for growth assays on plates. For RNA analysis, 10-ml cultures were harvested, starting with the rapid chilling of cultures to roughly 0 C by submerging culture flasks in liquid nitrogen. Cells were pelleted for 2 min at 4,000 rpm, and pellets were washed in 1-ml ice-cold water and snap-frozen in liquid nitrogen. For hs experiments, cultures were grown at 25 C, heat shocked by addition of an equal amount of medium pre-warmed to 51 C and incubated at 38 C, before chilling and harvesting as described above. For hs release experiments, cultures were first heat shocked for 10 min and then a 0.63 of volume ice-cold medium was added and incubation continued at 25 C. For the galactose induction experiment of Figure 4B , cells were grown at 30 C in ÀURA medium containing 2% raffinose instead of glucose and induced for pGAL expression by addition of 2% galactose. Plasmids pGAL-GFP-pA and pGAL-GFP-RZ are described in Dower et al. (2004) . Plasmids expressing WT NAB2 (pAC719) and nab2-DZnF5-7 (pAC1154) are 2m, URA plasmids, that express the proteins with C-terminal GFP tags (Green et al., 2002; Marfatia et al., 2003) . All assays with strains containing plasmids were performed in selective media instead of YPAD but otherwise carried out as described above.
qRT-PCR and Northern Blotting Analysis RNA isolation and qRT-PCR analysis were performed as described . In brief, RNA was isolated using the hot phenol method, DNase-treated using TURBO DNA-free kit (Ambion), and reverse transcribed using Superscript II (Invitrogen) and a primer mix containing 4 ng/ml random hexamers, 8 mM oligo dT 18 , and 0.8 mM primers specific for U4, U6, and SCR1 RNAs. For the experiment analyzing GFP constructs ( Figure 4B ), quantitation of expression was done by qPCR from a parallel RT reaction where random and dT primers were omitted and replaced by 0.8 mM of GFP-specific primers. Northern blotting analysis and RNaseH treatment of HSP104 RNA were done as described (Kallehauge et al., 2012) .
RNA-Seq
For RNA-seq experiments, two independent biological replicates were conducted from Nab2-AA cells (Y3284) without rapamycin, or treated for 15 or 30 min, as well as from control cells (Y2615) treated with rapamycin for 30 min. RNA was purified using the hot phenol method and DNase treated with the TURBO DNA-free kit (Ambion). For each sample, 0.1 mg of S. pombe total RNA was spiked in per 10 mg of S. cerevisiae total RNA. rRNA was removed using Ribo-Zero magnetic gold kit (yeast; Illumina), and the bulk of small RNAs was removed using the clean-up procedure from the After their transcription, nascent transcripts get cleaved by the CPF complex and polyadenylation by the poly(A) polymerase Pap1p commences. In the absence of Nab2p, the added adenosines are unprotected and get decayed by the RNA exosome, involving exonucleases Rrp6p and Dis3p.
PureLink RNA Mini kit (Ambion). Library preparation, sequencing, and read mapping are described in Supplemental Experimental Procedures. Reads per transcript were computed using bedtools . For analysis of read distributions among the different samples in Figure S1D , total counts of S.-pombe-normalized reads of each class were normalized to the average number of reads for that class across all samples. For analysis of differential expression, raw read counts were analyzed by the DESeq2 software version 1.4.5 (Love et al., 2014) using total S. pombe reads as size factors.
Computations of dispersion estimates, log2-fold changes, and p values were done using default settings of the relevant DESeq2 functions. For correlation of RNA-seq data with mRNA half-life estimates, the latter were obtained from the following publications: Geisberg et al. (2014); Grigull et al. (2004) ; Holstege et al. (1998); and Wang et al. (2002) . Figure 1C shows Spearman rank correlations between half-lives from each of these studies and log 2 -foldchange estimates from the RNA-seq data.
ChIP
ChIP experiments were carried out as described (Jimeno-Gonzá lez et al., 2014) using a-Rpb3 mouse monoclonal antibody (1Y26; Abcam) and sheep a-mouse IgG Dynabeads M280 (Invitrogen).
ACCESSION NUMBERS
The accession number for the RNA-seq experiments reported in this paper is GEO: GSE65001. Figure 3E and depicted as in Figure 3B . Lethality of the Nab2-AA strain on rapamycin-containing medium rescued by co-expression of full-length Nab2p but not the nab2-∆ZnF5-7 mutant variant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
Experiment and layout as in Figure S1B . A) Lethality of the Nab2-AA strain on rapamycin-containing medium rescued by deletion of RRP6 (rrp6∆). Growth, but not viability, of rrp6∆/Nab2-AA cells was reduced on rapamycin media as judged by the equal number of colonies formed. Experiment and layout as in Figure S1B . B) Nuclear Nab2p-depletion by rapamycin addition is equally efficient in rrp6∆/Nab2-AA and Nab2-AA cells. IF of indicated cells as described in Figure   S1A . DAPI (blue) and Nab2p stain (green) signals were overlaid and displayed.
C) Lethality of the Nab2-AA strain on rapamycin-containing medium is not rescued by deletion of TRF4 (trf4∆). Experiment and layout as in (A). D) RT-qPCR analysis of HSP104 and SSA4 RNA levels after a 10' heat-shock in untreated or 20' rapamycin-treated ctrl, Nab2-AA and trf4∆/Nab2-AA cells.
Data processed and depicted as in Figure 5A . E) RT-qPCR analysis of PMA1, RPL36A and TLC1-pA RNA levels of Nab2-AA and trf4∆/Nab2-AA cells untreated or 30' rapamycin-treated and grown at 30°C. Data processed and depicted as in Figure 5B . 
RNAseq: Mapping and quality control
The python package HTSeq was used for processing of the sequencing data. De-multiplexed samples were trimmed to remove the adapter sequences before alignment. Read alignment was carried out using the GSNAP aligner. As a reference we used the S. cerevisiae S288c genome (SGD R64). Reads with low mapping quality (< 30) or which were composed of more than 80% As or Ts were filtered out. The uniquely aligned reads were then assigned to S. cerevisiae S288c genome annotations from (Xu et al., 2009 ) (lifted to SGD R64) using BEDTools .
Transcript annotation class 'mRNA' is identical to term 'ORF-T' from the original reference.
4tU pulse experiment
Logarithmically grown yeast cultures in YPAD were treated with rapamycin for 10' before 4-thiouracil (4sU, Sigma) was added at a 5 mM final concentration.
40 ml of culture was removed before and 30' after addition of 4sU. Samples were chilled by adding 10 ml of dry-ice-cold 96% ethanol per 40 ml culture, and immediately placed on dry ice. Cells were then harvested by centrifugation at 4000 rpm, at 4°C, washed with water and snap-frozen in the liquid nitrogen. RNA was isolated as described above. RNA labeling with HPDP-biotin was done essentially as described . 400 µg of total yeast RNA was incubated with 300 µl of 2 mg/ml EZ-link HPDP-biotin (Thermo Scientific) in DMSO and 400 µl of TE (10 mM Tris-HCl pH 7.5 and 1 mM EDTA) for 2h at room temperature. concentrations were determined using a NanoDrop spectrophotometer and analyzed by RT-qPCR as described above.
In vitro decay experiment
Purified RNA exosome was prepared from Rrp6-TAP and Rrp41-TAP yeast strains using Dynabeads coupled with rabbit IgG, essentially as described in . The IP buffer used was 250 mM Na 2 HPO 4 /NaH 2 PO 4 pH 7.0 + 1% Tween20. 200 mg liquid nitrogen grindate was resuspended in 800 µl IP buffer, cleared for 10' at 21'000xg and 500 µl of the supernatant was used for IP with a 10 µl rabbit-IgG Dynabeads slurry equilibrated in IP buffer.
IP was performed for 90' at 4°C and beads washed 4x 5' in IP buffer at room temperature. Beads were split and either analyzed by Blue-Silver total protein staining from Novex 4-12% Bis-Tris gels (Life Technologies), or equilibrated in 1x exosome buffer (10 mM Tris-HCl pH 7.5; 50 mM KCl; 5 mM MgCl 2 ; 10 mM DTT; 0.1mM ZnSO 4 ) and used for decay assays (see below). The CYC1s and CYC1s-A20 RNA substrates were used in EMSA and decay assays. CYC1s is a synthetic oligonucleotide 5'-UUUAUAGUUAUGUUAGUAUUAAGAACGUUAUUUAUAUUUCAA-3' containing a thioester linkage between the first two nucleotides on the 5'end and was obtained from Microsynth Inc., Switzerland. CYC1s-A20 is identical but contains 20 3'-terminal adenosine residues. 5' end -labeled RNA CYC1s
and CYC1s-A20 were prepared by phosphorylation of synthetic RNA oligonucleotides as described in . Recombinant Nab2p
(produced as in was diluted in 1x exosome buffer (10 mM Tris-HCl pH 7.5; 50 mM KCl; 5 mM MgCl 2 ; 10 mM DTT; 0.1 mM ZnSO 4 ) containing 1 mg/ml BSA. For EMSA assays, 20 fmol labelled RNAs were each individually incubated with 15 to 500 fmol recombinant Nab2p, or only buffer containing BSA as control, in 1x exosome buffer for 10' at 30°C; and directly loaded on a native 4% polyacrylamide gel prepared in native running buffer (0.3x TBE and 0.1 mM ZnSO 4 ). For decay assays, 20 fmol labeled RNAs (10 fmol each) were first incubated with 500 fmol Nab2p or BSA as described above. After 10' the binding reactions were added to TAP-IP aliquots corresponding to IP from 150 µl cleared extract using 1 µl Dynabeads. Decay reactions were incubated at 30°C with occasional mixing to keep beads suspended and aliquots removed after 2.5', 5' or 10'. Aliquots were directly mixed with 1x volume 95% formamide, heat-denatured for 10' at 65°C and separated on 8% sequencing gels.
RNA-FISH and immunostaining
RNA-FISH was performed using 10 probes recognizing the 5'end of HSP104 (Kallehauge et al., 2012) and the protocol from (Saguez et al., 2013) . For IF analysis, cells were fixed, spheroblasted and attached to slides as described for FISH in (Saguez et al., 2013) Background was determined from ROIs placed outside cells. Figure 3D shows background-subtracted average values from > 100 cells.
